The pathogenic bacterium Aeromonas salmonicida is the causative agent of the destructive disease furunculosis in salmonids. Horizontal transmission in salmonids has been suggested to occur via the skin, gills and/or intestine. Previous reports are contradictory regarding the role of the intestine as a route of infection. The present study therefore investigates the possibility of bacterial translocation across intestinal epithelia using Ussing chamber technology, in vitro. Intestinal segments were exposed for 90 min to fluorescein isothiocyanate-labelled pathogenic A. salmonicida. Sampling from the serosal side of the Ussing chambers showed that bacteria were able to translocate across the intestinal epithelium in both the proximal and distal regions. Plating and subsequent colony counting showed that the bacteria were viable after translocation. During the 90 min exposure to A. salmonicida, the intestinal segments maintained high viability as measured by electrical parameters. The distal region responded to bacterial exposure by increasing the electrical resistance, indicating an increased mucus secretion. This study thus demonstrates translocation of live A. salmonicida through the intestinal epithelium of rainbow trout, suggesting that the intestine is a possible route of infection in salmonids.
Introduction
Aeromonas salmonicida ssp. salmonicida is the pathogenic bacterium causing furunculosis in salmonids (Inglis, Roberts & Bromage 1993) . Vaccination is usually successful in preventing furunculosis, although protection is not absolute. However, vaccination can cause abdominal adhesions and skeletal deformities that can lead to decreased growth (Ellis 1997; Cipriano & Bullock 2001) . Efforts have been made to develop oral vaccines, but the basic processes of bacterial interactions with the intestinal mucosa are not well understood (Irianto & Austin 2002) . Three major routes of infection have been suggested for A. salmonicida; the skin, the gills and the intestine (Inglis et al. 1993) . The most thoroughly investigated sites have been the skin and the gills (Evelyn 1996; Svendsen & Bøgwald 1997) whereas the intestine as a route of infection has received less attention. This is mainly due to the conflicting results obtained in previous attempts to induce transmission via the oral route. Some studies have managed to induce furunculosis via this route (Rose, Ellis & Munro 1989; Cipriano & Bullock 2001) , whereas others have reported difficulties (Cipriano 1982; Tatner, Johnson & Horne 1984; Perez, Fernandez, Rodriguez & Nieto 1996) . The acidic microenvironment of the stomach may be hostile to bacterial cells (Evelyn 1996) . However, despite this hostile environment, A. salmonicida has been shown to survive the passage of the acidic stomach as demonstrated by infected fish after oral exposure (Rose et al. 1989; Cipriano, Ford, Smith, Schachte & Petrie 1997) . Furthermore, the presence of A. salmonicida in the intestine of several fish species including salmonids (Ringø & Olsen 1999; Lødemel, Mayhew, Myklebust, Olsen, Espelid & Ringø 2001) , as well as the evidence for the intestine being the primary location of A. salmonicida in Atlantic salmon, Salmo salar L., with asymptomatic furunculosis (Hiney, Kilmartin & Smith 1994; Evelyn 1996) suggests that this pathogenic bacterium can reach the intestinal lumen and survive there.
The penetration of the intestinal epithelium, giving the bacteria entrance to the interior system of an organism, and thus the possibility to multiply and create an infection, is called bacterial translocation and is defined as the passage of bacteria from the gastrointestinal tract to extraintestinal sites (Berg 1995) . In mammals, the intestinal route of infection is well established for several pathogenic bacterial species (Fasano 2002) . In fish, however, there are conflicting reports on the ability of pathogenic bacteria to translocate through the intestinal epithelium. Tatner et al. (1984) suggested that A. salmonicida was unable to penetrate the intestinal barrier when present in the intestinal lumen of rainbow trout, Oncorhynchus mykiss (Walbaum). However, recent studies have demonstrated that A. salmonicida causes cell damage to the intestinal epithelium of Atlantic salmon (Ringø, Jutfelt, Kanapathippillai, Bakken, Sundell, Glette, Mayhew, Myklebust & Olsen 2004) . Exposure of intestinal epithelium to A. salmonicida in vitro, for 90 min, resulted in detachment of whole enterocytes as well as disturbance of the junctional complexes, i.e. tight junctions and desmosomes within the epithelial monolayer. This probably reflects the effects of one or more virulence factors produced by the bacterium in order to facilitate its translocation . Similar types of disruptive patterns are also found in mammalian intestinal epithelia after exposure to virulent bacteria (Kurkchubasche, Cardona, Watkins, Smith, Albanese, Simmons, Rowe & Ford 1998; Baumgart & Dignass 2002) as many pathogenic bacteria use exotoxins to disrupt the intestinal epithelium in order to infect the host through the intestinal route (Kurkchubasche et al. 1998; Fasano 2002) . Thus, there are several indications in favour of an intestinal route of infection for A. salmonicida. However, no direct measurements of translocation of viable pathogenic bacteria across the intestinal epithelium in fish have been reported.
The aim of the present study was to assess the intestine as a possible route for bacterial translocation in rainbow trout. The Ussing chamber technology provides the possibility to study real-time bacterial translocation in an intact, healthy and metabolically active intestinal epithelium in a controlled environment (Kurkchubasche et al. 1998; Velin, Ericson, Braaf, Wallon & Söderholm 2004) . The aim was therefore also to develop and evaluate an Ussing chamber-based methodology to study translocation of pathogenic bacteria in the intestinal epithelium of salmonids.
Materials and methods

Fish
Juvenile rainbow trout were transferred from the hatching facility at the Institute of Marine Research (IMR), Matre Aquaculture Research Station, Matredal, Norway to the IMR disease challenge laboratory in Bergen, Norway. Prior to sampling, fish were acclimatized for 2 weeks. Fish were kept in three replicate 150-L tanks, supplied with fresh water at 10°C and with continuous light. Throughout the experiment, fish were fed a commercial salmon diet by automatic 24-h feeders at 2% body weight per day. At the time of sampling, the fish had an average weight of 130 AE 2.3 g (average AE SEM).
Aeromonas salmonicida in vivo exposure
Fish subjected to long-term exposure for A. salmonicida were challenged to the pathogen using a cohabitant challenge test as described by Lødemel et al. (2001) . Briefly, 20% of the fish in each tank were injected with 0.2 mL of a 0.9% NaCl suspension of A. salmonicida (6 · 10 3 bacteria mL )1 ). The sampling of the non-injected fish was conducted after 6 weeks of co-habitant challenge. The procedure was approved and regulated by the Norwegian Animal Research Authority (Approval no. 10-2001) .
Fish used in the co-habitant challenge test were fed diets containing different types of oils, i.e. rapeseed, sunflower, linseed and fish oil, as part of a dietary study (Björnsson, Sundell, Jönsson, Jutfelt, Geurden, Ruohonen, Forsman, Olsen & Ringø 2004) . No statistical differences (P > 0.1, one-way ANOVA) were found in the translocation rate of bacteria between the dietary groups. Therefore, data from different dietary groups allocated to the present study (i.e. measure of bacterial translocation rate) were pooled before further analysis and presentation.
Ussing chamber technique
Fish were randomly netted and killed by an overdose of benzocaine (1 mL L )1 ). The intestine, from the posterior pyloric caeca to the anus, was rapidly dissected out, opened longitudinally along a mesenteric border, separated into anterior and posterior regions, rinsed and placed in ice-cold salmon Ringer solution (140 mm NaCl, 2.5 mm KCl, 15 mm NaHCO 3 , 1.5 mm CaCl 2 , 1 mm KH 2 PO 4 , 0.8 mm MgSO 4 , 10 mm glucose and 5 mm HEPES buffer; pH was set to 7.8 with 1.5 mm Tris base). Fresh Ringer was made daily, continuously gassed with air and stored on ice. The serosal layer was removed under magnification using fine forceps, and during the procedure the intestinal segments were kept in ice-cold Ringer. The segments were then mounted in modified Ussing chambers as described by Sundell, Jutfelt, Agustsson, Olsen, Sandblom, Hansen & Björnsson (2003) . The Ussing chambers were filled with 4 mL Ringer solution in each half chamber and continuously gassed with air in a gas-lift system for oxygenation and stirring. Cooling mantles ensured an experimental temperature of 10°C. The intestines were kept in the Ussing chambers for a total of 150 min. After 60 min of stabilization, the Ringer solution on the mucosal side was substituted with a Ringer solution containing 0.03-0.04 MBq mL )1 14 Cmannitol (Amersham, St Louis, MO, USA) with or without 6.2·10 6 CFU mL )1 of A. salmonicida as described below. Transepithelial resistance (TER), potential difference and short-circuit current were recorded every 5 min (Sundell et al. 2003) . Samples of 50 lL, for the detection of radioactivity, were withdrawn from the serosal side of each Ussing chamber every 10 min for 90 min and replaced with fresh Ringer. Assessment of radioactivity was made in a liquid scintillation counter (Beckman LS 1801; Beckman, Fullerton, CA, USA) after addition of 4 mL of Optiphase High Safe II (Wallac, Turku, Finland) to each sample. Fifty millilitres of the mucosal Ringer solution was similarly sampled for assessment of radioactivity at the beginning of each experiment. The apparent permeability (P app ) of mannitol was calculated using the following formula: P app ¼ dQ/dt · 1/AC 0 where dQ/dt is the appearance rate of mannitol in the serosal compartment of the Ussing chamber, A is the area of exposed intestinal surface in the chamber and C 0 is the initial concentration on the mucosal side.
At termination of the exposure to fluorescently labelled A. salmonicida, 3 mL of the serosal Ringer was collected from each chamber. The samples were immediately centrifuged at 6000 g for 10 min to concentrate particulate fluorescence and the supernatant (2.7 mL), containing dissolved fluorescence, was discarded. The fluorescence of the remaining 300 lL was measured for 1 s at 480/535 nm on a microplate reader (Victor 1420 Multilabel Counter; Wallac).
Microbiology
Aeromonas salmonicida ssp. salmonicida (strain VI-88/09/03175; culture collection, Central Veterinary Laboratory, Oslo, Norway), used in the translocation studies was stored in glycerol at )80°C. Four days prior to use in the Ussing chamber experiments, the bacteria were thawed and grown in a brain heart infusion medium (BHI; Merck, Darmstadt, Germany). One millilitre of the infusion was then re-inoculated into fresh BHI and incubated until it reached an optical density of 3.5 at 520 nm, which equals 6.2 · 10 6 bacteria measured by plating and colony counting on BHI-agar plates.
Three methods for detecting translocated live pathogenic bacteria were validated: radiolabelling and subsequent radioactivity measurements; plating and CFU counts on BHI-agar plates of non-labelled bacteria; fluorescence labelling and subsequent fluorescence measurements.
Bacterial labelling techniques
Radioactive labelling of bacteria was conducted by adding C 14 -labelled amino acids (high specific activity mixture of 16 amino acids, Amersham, UK) to the incubation medium before inoculation of A. salmonicida. Incubation was performed as described above for unlabelled A. salmonicida. After termination of the Ussing chamber experiment (90 min), the total volume of Ringer solution from the serosal chamber was sampled and filtered through a 0.2-lm filter to collect the bacteria. The radioactivity of the filters was assessed by liquid scintillation counting (Beckman LS 1801) after addition of 4 mL of Optiphase High Safe II (Wallac) to each filter. Bacteria labelled with 14 C-amino acids were shown to translocate to the serosal Ringer, with counts increasing with time. However, the major draw back of this method was that a very high specific activity of radiolabelled amino acids was necessary in the incubation media in order to obtain values above background in the serosal Ringer solution after translocation.
For quantification of bacterial translocation by viable counts, 1 mL of fluid from the serosal compartment of the Ussing chambers at the end of the experiment was plated in serial dilutions on BHI-agar plates. The plates were incubated 4 days at 20°C and the CFU counted. Samples collected from the serosal Ringer after 90 min exposure to A. salmonicida contained live bacteria when grown on BHI-agar plates (data not shown). However, quantification was difficult as overgrowth from other bacterial species made the method impractical.
Fluorescence labelling of bacteria was conducted using fluorescein isothiocyanate (FITC; Sigma) as described elsewhere (Sjursen, Bjerknes, Halstensen, Naess, Sørnes & Solberg 1989) . Briefly, bacteria were incubated with 0.25 mg FITC mL )1 bacterial phosphate-buffered saline (PBS) suspension for 45 min at 20°C. Four steps of washing by centrifugation (6000 g, 10 min) and re-suspension with PBS ensured sufficient removal of dissolved FITC. Labelling of A. salmonicida with FITC did not influence their viability. Viability after labelling was shown to be >90% (CFU labelled /CFU total · 100). Fluorescence detection of FITC-labelled bacteria was shown to be sensitive with a detection limit of 50 translocated bacteria recovered in a 3-mL sample from the serosal compartment after 90 min of exposure to an original mucosal concentration of 6.2 · 10 6 bacteria mL )1 . The detection limit was thus 0.0002% translocated bacteria from mucosa to serosa per 90 min. This method was regarded as the most sensitive and accurate, and was thus used for all further translocation studies.
Statistics
Results are expressed as mean AE SEM. To determine whether significant differences existed between treatments and intestinal regions, a two-way ANOVA was used. Significance level was set at P < 0.05. When variances were not homogeneous, the non-parametric Mann-Whitney U-test was used with a significance level of P < 0.05. All statistical analyses were performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Effects of short-time exposure to Aeromonas salmonicida on paracellular permeability
Both the anterior and posterior regions of the intestine showed a tendency towards a decrease in mean TER (110-145 min) when exposed to A. salmonicida for 90 min in vitro, compared with controls, although the means were not significantly different (Fig. 1) . However, there was a statistically significant (P < 0.001) regional difference in mean TER between the two regions. The anterior region showed lower TER, indicating a leakier epithelium compared with the posterior intestine. No significant interaction between region and exposure within this parameter was detected.
The relative changes in TER [mean TER (110-145 min)/mean TER (45-60 min); Fig. 2 ] significantly increased (P < 0.05) in the posterior intestine during exposure to A. salmonicida, whereas no changes occurred in the anterior intestine. There was also a significant interaction (P < 0.05) between region and exposure within this parameter, indicating that the two intestinal regions responded differently to acute exposure to A. salmonicida.
Translocation rate of live Aeromonas salmonicida
After the 90-min exposure to the live pathogen, the mucosal Ringer was analysed for fluorescent bacteria. The fluorescence of the FITC-labelled A. salmonicida was above the detection limit in 95% of the sampled serosal Ringer solutions. No statistically significant regional difference was found when comparing the mean values (Fig. 3) . Further verification of whole cell translocation was conducted on selected samples by means of fluorescence microscopy at 480 nm (data not shown).
Fish subjected to a co-habitant challenge test in vivo using A. salmonicida had a tendency to a reduced intestinal translocation of the bacteria in vitro (P ¼ 0.113, Fig. 3 ) compared with control fish. This trend was seen in both the anterior and posterior regions of the intestine.
Discussion
This study has demonstrated translocation of live A. salmonicida across the intestinal barrier of the rainbow trout. Quantification of the translocation was performed by FITC-labelling of the bacteria and subsequent fluorescence measurements of translocated bacteria. Translocation was also positively verified using the three other qualitative detection methods, strengthening the observation that A. salmonicida does pass the epithelium in a viable condition. It is thus clear that this pathogenic bacterium can utilize the intestinal route for infecting rainbow trout.
The use of Ussing chambers for studying epithelial-bacterial interactions is well established in mammals, and translocation of bacteria over intestinal segments has previously been demonstrated in rats using this method (Kurkchubasche et al. 1998; Velin et al. 2004 ). The present study used surface FITC-labelled A. salmonicida. The fluorescence measured in the serosal Ringer, i.e. after translocation, was bound to intact bacterial cells only. This was ensured by collection of the intact bacteria through centrifugation. Visual observation by fluorescence microscopy of the serosal Ringer conducted on selected samples confirmed whole cell translocation. Furthermore, plating and culturing of translocated A. salmonicida from the serosal fluid on BHI-agar plates showed that the bacteria were fully viable after translocation to the serosal side of the intestine. These data clearly demonstrate that live A. salmonicida are able to translocate from the intestinal lumen to the circulation of rainbow trout, which indicates the potential of the intestine as an entry route for bacterial infections in fish.
Indirect evidence from dietary treatments have previously suggested that translocation of pathogenic bacteria does occur. The use of dietary lipids and soy bean meal inclusion has lead to disturbed intestinal integrity and increased mortality rates after co-habitant challenge with A. salmonicida in Arctic charr, Salvelinus alpinus (L.), and Atlantic salmon (Krogdahl, Bakke, Roed & Baeverfjord 2000; Lødemel et al. 2001) . Oral administration of . The anterior intestinal segments of rainbow trout exposed to A. salmonicida did not differ from the intestines exposed to control Ringer, while the posterior intestine showed a significant increase (P < 0.05) in electrical resistance during exposure to the bacteria. Note that there is a significant interaction (·) of the factors and a significant difference in treatment (*) in the posterior intestine. Data are presented as mean values AE SEM (n ¼ 8). Figure 3 Translocation of Aeromonas salmonicida in the anterior and posterior regions of the rainbow trout intestine. Translocation in control fish (light bars) was compared with translocation in fish subjected to long-term in vivo exposure to A. salmonicida in a co-habitant challenge (dark bars). During the co-habitant challenge the fish were exposed to low levels of A. salmonicida in the water for 6 weeks (n ¼ 24-32). No significant differences were found. Data are presented as mean values AE SEM (n ¼ 8).
probiotic bacteria, both live and inactivated cells, resulted in an increased cellular immunity and protection against furunculosis (Gildberg, Mikkelsen, Sandaker & Ringø 1997; Ringø & Gatesoupe 1998; Irianto & Austin 2002) . These results support the hypothesis that the intestine is a functional pathway for A. salmonicida translocation as well as a target for protective treatments such as oral vaccinations and feed containing probiotic bacteria.
Electron microscopy studies have shown that indigenous bacteria are translocated across intestinal epithelia of larval fish (Hansen & Olafsen 1999; Ringø, Olsen, Mayhew & Myklebust 2003) and adult salmonids (Ringø, Lødemel, Myklebust, Kaino, Mayhew & Olsen 2001) . Whether transcytosis is the main mechanism for bacterial translocation in adult fish is still unknown. Other mechanisms of epithelial passage have been suggested, such as loosening of enterocytes, which may disturb the epithelial barrier. This has been demonstrated to occur in pyloric caeca and foregut of Atlantic salmon exposed to A. salmonicida . In the present study, there was a tendency for a decreased TER of both regions of the intestine when exposed to A. salmonicida. This could be an indication of detachment of enterocytes comparable with that reported by Ringø et al. (2004) , as a decreased TER is a sign of an increased paracellular permeability, which would result from detachment of cell-to-cell junctions. Decreases in resistance during exposure to pathogenic bacteria have also been shown in mammals and are thought to be caused by bacterial toxins (Kurkchubasche et al. 1998; Baumgart & Dignass 2002) . Aeromonas salmonicida is known to release a wide range of exotoxins that may cause decreased barrier function and possibly aid in the mechanism of infection (Ellis 1991; Gudmundsdottir, Hvanndal, Björns-dottir & Wagner 2003) . There was only a weak effect on TER in the present study and when comparing the relative TER, no decrease occurred. There may be a methodological explanation for this, as the washing steps to remove the unbound FITC may also remove most of the toxins released from the bacteria. On the other hand, in the posterior intestine there was a weak increase in relative TER, probably related to increased mucus secretion. The posterior intestine of salmonids has previously been suggested to secrete mucus upon injury or irritation, an event that would be expressed as an increase in the electrical resistance (Schep, Tucker, Young & Butt 1997; Schep, Tucker, Young, Ledger & Butt 1998) . Thus, the apparent lack of effect or very low effect on intestinal barrier function after exposure to A. salmonicida, as judged by electrical resistance, is most likely a result of an increased mucus production rather than a lack of tissue damage.
After breaching the epithelium, bacteria have to avoid or survive phagocytosis by leucocytes before reaching the circulation or, in the present experimental model, the serosal compartment of the Ussing chamber. Pathogenic bacteria such as A. salmonicida have a wide range of factors for antagonizing immune functions (Ellis 1991; Inglis et al. 1993; Burr, Pugovkin, Wahli, Segner & Frey 2005) . In this study, bacteria were labelled with FITC by covalently attaching FITC mainly to surface proteins. This may cause changes in the function of these proteins. Three possible functions of the surface proteins are: attachment to the epithelium, enhancement of phagocytosis or transcytosis and increased survival inside phagocytotic cells. The major surface proteins involved in these processes are the A-protein of the S-layer (Noonan & Trust 1997; Garduno, Moore, Olivier, Lizama, Garduno & Kay 2000; ) , type III secretion systems (Burr et al. 2005) and pili (Masada, LaPatra, Morton & Strom 2002) . It is thus possible that the FITC-labelling technique used in the present study could interfere with phagocytosis by immune cells. For example, Bordetella pertussis were shown to be more readily taken up by neutrophils when labelled with FITC (Weingart, Broitman-Maduro, Dean, Newman, Peppler & Weiss 1999) . In the present study, a similar effect would give an underestimation of the actual translocation rate, as more bacteria would be phagocytosed by neutrophils due to FITC-labelling. Such an effect would, however, not alter the conclusions drawn from this study.
To elucidate the effect of long-term exposure to the pathogen on the local immune system of the intestine, live intestines from fish exposed to A. salmonicida during a disease challenge test were used. Anterior intestinal segments from fish exposed to A. salmonicida in vivo for 6 weeks showed a tendency to a decreased translocation rate of live bacteria in vitro compared with non-infected fish. This could be due to an increased immune response, possibly including specific antibody production against the pathogen. In the rainbow trout, systemic and head kidney immune function has previously been shown to be stimulated by probiotic treatments through the oral route (Nikoskelainen, Ouwehand, Bylund, Salminen & Lilius 2003; Panigrahi, Kiron, Kobayashi, Puangkaew, Satoh & Sugita 2004) and local intestinal immune responses can be activated by intestinal luminal antigen (Georgopoulou & Vernier 1986) . It is thus possible that the intestines from fish challenged to A. salmonicida elicited a local immune response, which in this study would be assessed as a lower translocation rate.
The present study indicates that live A. salmonicida can translocate across the intestinal barrier. The intestine is thus suggested as a route of infection in the rainbow trout, which should be considered when investigating the route of infection for other pathogens in salmonids and other fish. The present study further develops and validates an Ussing chamber technology as a sensitive method for assessment of bacterial translocation. Using this technique, it is possible to isolate the intestinal pathway from other routes of infection, which opens up the possibility of mechanistic studies of bacterial translocation and will help in the search for tools to prevent translocation.
